ABSTRACT In this paper, we propose a strategy to achieve a single-feed multi-beam metasurface antenna by combining phase gradient and coding sequence. Theoretically, the multi-beam antennas with various far-field patterns can be realized via superimposing different kinds of phase coding sequences. As three proof-of-concepts, the 0101. . . /0101. . . coding sequence, chessboard coding sequence, and 1-bit sector coding sequence are selected to design double-beam, four-beam, and eight-beam circular-polarized reflector antennas, respectively. Furthermore, the four-beam reflector antenna is fabricated and measured to demonstrate the feasibility of our strategy. The fabricated antenna can produce four perfect pencil-shaped beams in a wide frequency range from 11 to 13 GHz. At central frequency, the realized gain is about 19.9 dB and the axial ratio is lower than 3 dB. Moreover, the circular polarization state of the reflective beams is consistent with the polarization state of spot source, which differs from the reflector antennas based on the polarization-insensitive unit cells. This paper connects the multi-beam patterns with binary digits, which provide the potential for reconfiguring the multi-beam patterns by computer programs.
I. INTRODUCTION
Metasurfaces, as the 2D version of metamaterials, have continuously attracted enormous interest due to their unusual electromagnetic (EM) properties [1] - [13] . They can tailor magnitude and phase of EM waves by controlling periodic unit cells in a sub-wavelength scale [1] , [2] . In addition, compared with metamaterials, metasurfaces possess the advantages of low-profile, light-weight and efficient control of aperture field [3] - [6] . Since Capasso's group proposed the generalized laws of refraction/reflection in 2011, many exceptional phenomena and novel devices have been realized [1] - [10] , typically in the field of antennas and antenna accessories [11] - [13] .
Multi-beam antennas have attracted much attention of researchers due to their practical value in communication applications and radar systems [14] . Recent years, a number of metasurface-based multi-beam antennas have appeared.
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Ref. [15] has designed single-source and multi-source feeding multi-beam antennas by using a single metasurface aperture divided in several angular sectors or shared by a superposition of individual modulations. Li et al. have presented a combined theory of holography and leaky wave to realize the multi-beam radiations by exciting the surface interference patterns, which are generated by interference between the excitation source and required radiation waves [16] . As the frequency changes, we show that the main lobes of EM radiation beams could accomplish 1-D or 2-D scans regularly by using the proposed holographic metasurfaces shaped with different interference patterns. On the same principle, a three-beam dual-Polarization printed holographic multi-beam metasurface antenna is demonstrated numerically and experimentally [17] . Fortunately, these articles paved a new route to eliminating the complicated steps of using the Fourier transform to deduce the required amplitude and phase of conventional antenna arrays.
In 2014, Tiejun Cui et al. proposed the concept of coding metasurfaces (CMs), which delivered a connection between the physical metasurface unit cells and digital codes [18] . Unit cells of them, known as ''metamaterial bits'' with binary codes ''0'' and ''1'', can be realized by phases 0 • and 180 • [19] . Accordingly, binary digital information can be directly encoded on the metasurfaces which provides a more flexible and efficient way to manipulate EM waves [20] . By arranging the coding elements in a 2D plane with the predesigned coding sequence, many unique functionalities can be achieved, including anomalous refraction/reflection [21] - [22] , broadband diffusions [23] , multi-functional metasurfaces [24] , and beamforming [25] , etc. Particularly, CMs can be used for beam splitting, so they have great potentials in designing multibeam devices. Unfortunately, it is rarely reported that the design of multi-beam antennas combined the mechanisms of CMs.
In this paper, we proposed a selective strategy to achieve multi-beam antenna by integrating phase gradient metasurface (PGMs) and CMs. Theoretically, the strategy can be used to achieve arbitrary multi-beam patterns through varying the coding sequence. As three design examples, we numerically demonstrate double-beam, four-beam and eight-beam circular-polarized reflector antennas by combining focusing metasurface and CMs, and experimentally verify the feasibility of four-beam reflector antenna. In our design, a Z-shaped circular polarization sensitive unit cell based on Pancharatnum-Berry (PB) phase is proposed to assemble the metasurface reflector to achieve high efficient co-polarization reflection. The advantage of this work is that it simplifies the design of multi-beam metasurface antennas. Moreover, this work connects the multi-beam patterns with binary digits which provide the potential for reconfiguring the multi-beam patterns by computer programs. To the best of our knowledge, it is the first time to propose such a strategy, which may have promising significance for simultaneous multi-directional transmitting/receiving antennas and beam reconfigurable antennas in applications of radar and communication systems.
II. DESIGN PRINCIPLE
The principle of realizing multi-beam radiation is to introduce plane wave front by focusing metasurface and then split it into multiple directions by coding sequence. When a spot source irradiates on the reflector surface, the phase of reflected waves will be non-uniform because of the different transmitting path lengths in free space as shown in Fig.1 (a) . To realize planar reflection, PGM with parabolic spatial phase distribution is imposed to remove the phase difference, which the phase profile governed by:
where ϕ 0 is the reflected phase of the unit cell located at the origin position, λ is the operating wavelength in free space, and F is focal length. CMs are a special kind of metasurfaces which use binary codes to represent phase. Considering a general CM consists of N × N array of coded elements, and each element composed of M × M unit cells. Since the reflection coefficient of each coding unit cell is equal, the CM can be considered as a passive antenna array. Therefore, when the plane EM illuminated perpendicularly, the far-field function can be expressed as:
where θ and ϕ are the elevation and azimuth angles of the rejected wave, f m,n (θ , ϕ) represents the primary pattern that can regulate the vector parameters of far-field such as polarization and directional pattern. S a (θ, ϕ) is the array pattern which is a scalar quantity, and it can be further expressed as:
where k 0 is the wave vector, ϕ m,n is the reflection phase of each coding element, D x and D y are the size of the coding element in x direction and y direction, θ i and ϕ i are the elevation and azimuth angles of the incident wave, respectively. Fig.1 (b) depicts the chessboard metasurface as the conceptual example, where the blue squares represent ''0'', and the green squares represent ''1''. When the plane EM waves impinge on the chessboard metasurface, four equal sized beams can be achieved. By superimposing parabolic spatial phase distribution and coding sequence, the metasurface reflector simultaneously possesses the function of shaping wave-front and splitting waves. Fig.1 (c) illustrates the schematic of combining CMs and PGMs. When a source feed illuminates on it, it can acquire distinct four beams theoretically, which will have better directional than chessboard metasurface under plane wave normal incidence.
III. DESIGN AND ANALYSIS

A. DESIGN OF THE UNIT CELLS
In this paper, a Z-shaped unit cell [26] is proposed to realize the circularly polarization-keeping. This unit cell consists of a Z-shaped metal structure patterned on a copper-grounded F4B substrate (ε r = 2.65, tan δ = 0.001). Optimizing by CST Studio, the structure parameters are fixed as shown in the inset of the The simulated co-and cross-polarization reflection coefficients are given in Fig. 2(a) , where r LL is the co-polarization reflection coefficient under the incidence of left-handed circular-polarized (LHCP) waves and r RL is the cross-polarized one. It is observed that the co-polarization reflection carries about 98% energy of incidence, and the cross-polarization reflection carries about 2%. Because of the design of the Z-shaped unit cell is based on Pancharatnam-Berry phase, the phase shift and rotation angle following the expression:
= 2γ , where γ is rotation angle. Fig.2 (b) illustrates the phase responses of the Z-shaped unit cell with a different rotation angle. As γ increasing from 0 • to 157.5 • with step angle 22.5 • from 10 GHz to 15 GHz, the phase interval of each curve is 45 • which manifests that the unit cell satisfies the design requirement. Fig.2 (c) and (d) show the co-polarized reflection amplitude and phase of the Z-shaped unit cell under different incident angles. Xoy-plane is the reference plane of the oblique incidence, and γ = 0 • . It is evident that the amplitude is larger than 0.9 from 10 GHz to 18 GHz when the incident angle increases from 0 • to 60 • . As the incident angle is less than 10 o , the phase response is almost constant at the same frequency. But when the incident angle increases to more than 20 o , the phase response changes dramatically. To decrease the impact of the incident angle, it is necessary to discretize incident angle and compensate for the delay of the phase response. According to the simulated results of proposed unit cell, we define the initial state of the unit cell is coded digit ''0'', and the counterpart of γ = 90 • is ''1''. Fig.3 shows the schematics of defined coded digits and the corresponding reflection amplitude and phase. As can be seen, the amplitudes of different coded digits are nearly identical. Besides, the phase difference is 180 • in 10-18 GHz. 
B. DESIGN PROCEDURES OF THE MULTI-BEAM REFLECTOR ANTENNA
The designing process of the multi-beam reflector antenna can be divided into three steps:
Firstly, we designed a planar reflector antenna which consists of a metasurface reflector and a helical antenna. The reflector is assembled by Z-shaped unit cells with the different rotation angle calculated via Equation (1) . The radius of the metasurface is 156 mm and the thickness is 3mm. To guarantee at least half of the power of the helical antenna impinging on reflective metasurface, the half-power bandwidth (HPBW) of the helical antenna is designed as same as the opening angle of the helical antenna to the edge of the metasurface (in here is 32 • ). Considering the influence of phase delay delivered by the different incident angle of EM wave (which has a greater impact on the position and depth of VOLUME 7, 2019 the focal point), we discretize the value of incident angle and compensate the phase delay according to fluctuation in phase response as shown in Fig.2(d) . The method of discretization and compensation is shown in TABLE 1. Here, we compensated for the phase by 5 o according to the incident angle. The helical antenna is placed above the reflective metasurface with the distance of 250 mm to the center. Fig.4 (a) illustrates the phase distribution of the reflector, and Fig.4 (d) presents the simulated far-field pattern at 12 GHz. It is observed that a single narrow pencil-shaped beam is obtained, and the realized gain is 27.4 dB.
Secondly, we designed a reflective coding metasurface with the same size of the aforementioned focusing metasurface, and the feed is placed in the same position. As an example, chessboard coding sequence is selected and depicted in Fig.4 (b) , the phase distribution is crossed by ''0'' and ''1'' as 0101. . . /1010. . . When the chessboard metasurface is illuminated by helical feeding antenna at 12 GHz, the far-field radiation pattern is shown in Fig.4 (e) . The far-field radiation pattern shows four ambiguous beams with huge side lobes, which manifests that the energy is not concentrated. Besides, the realized gain is lower with 11.4 dB at 12 GHz.
Thirdly, we superimposed the phase distributions of focusing metasurface and chessboard metasurface. Accordingly, the plane wave is perfectly split into four beams. The superimposed phase distribution is depicted in Fig.4 (c) , and the far-field pattern is shown in Fig.4 (f) . Four distinct pencilshaped beams are obtained with the gain of 19.9 dB at 12 GHz, which is about a quarter of the gain of the planar reflector antenna 27.4 dB presented in Fig.4 (d) . Because the beam is divided into four equal one, the energy should be one quarter of the planar reflector antenna (the gain should be reduced by 6 dB).
In order to further prove the effectivity of our strategy, we use the same approaches to superimpose 0101. . . /0101. . . coding sequence and 1-bit sector coding sequence to achieve double-beam and eight-beam antennas, respectively. The coding sequences and the corresponding simulated far-field patterns are illustrated in Fig. 5 (a) and (b) , which manifest that the distinct double-beam pattern and eight beam pattern can be attained successfully with realized gain of 23.9 dB (approximately half of 27.4 dB) and 16.8 dB (approximately 1/8 of 27.4 dB) at 12 GHz, respectively. Moreover, many other coding sequences can be selected to achieve different far-field patterns, which are not listed in this paper for brevity.
IV. SIMULATIONS AND EXPERIMENTS
To experimentally verify the method, we selected four-beam metasurface reflector antenna for fabrication and carried out the experiments in an anechoic chamber to reduce the environment interference. In the experiment, the designed antenna works as transmitter and a standard horn antenna as receiver. Fig.6 (a) and (b) present the photographs of feed helical antenna and multi-beam planar reflector antenna of which helical antenna and reflector are respectively fixed on two foams with distance of 250 mm.
A. HELICAL ANTENNA
At first, the performances of helical antenna was simulated and measured. The structure of the helical antenna is shown in the inset of Fig.7 (b) , where p = 5.7 mm, q = 10 mm, r = 20 mm. Fig.7 (a) illustrates the simulated and measured S 11 . It is observed that the measured curve is in good accordance with the simulated one, except for a slight blue shift. Both the curves manifest that the feed helical antenna with good impedance match from 8 to 16 GHz. Fig.7 (b) shows the axial ratio bandwidth. Axial ratio in the main lobe direction is less than 3 dB over 8-14 GHz which indicates that the radiation beam is circularly polarized. Simulated 3-D far-field radiation pattern of the helical antenna is shown in Fig.7 (c) . The realized gain is 12.7 dB in the maximum direction at 12GHz. Moreover, the simulated and measured curves of normalized directivity in the cutting plane of ϕ = 90 • are presented in Fig.7 (d) . The above results manifest that the helical antenna is suitable as a spot source. The slight disparity between the measured and simulated results is due to the inaccuracies in welding of helical antenna and the uncertainty in the measure environment.
B. MULTI-BEAM PLANAR REFLECTOR ANTENNA
By fixing the helical antenna at the focal point of metasurface reflector, the performance of the four-beam reflector antenna is presented as follow. The S 11 of the multi-beam planar reflector is depicted in Fig.8 (a) . Both the measured and simulated curves are below than -10 dB from 11 GHz to 13 GHz. Fig.8 (b)-(d) depict the simulated 3-D far-field patterns of the multi-beam planar reflector antenna at 11 GHz, 12 GHz and 13 GHz with the realized gain 17 dB, 19.9 dB and 20.2 dB, respectively.
Moreover, the far-field patterns of the designed antenna in cutting planes ϕ = 45 • and ϕ = 135 • were simulated and measured at 11GHz, 12GHz and 13GHz as shown in Fig.9 , respectively. Both the simulated and measured results present that the designed multi-beam planar reflector antenna can get four equally distinct pencil-shaped beams in 11-13 GHz. It is observed that the measured curves are in good accordance with simulated curves. The slight deviation in the main-lobe direction between the measurements and simulations is due to the unavoidable tilt of the helical antenna during the experiment. In a word, the results demonstrate the proposed strategy is feasible to design multi-beam reflector antennas. In addition, the four-beam antenna may have the potential to apply as a detecting antenna.
V. CONCLUSION
In this paper, we proposed and verified the strategy of combining PGMs and CMs to design single-feed multi-beam metasurface reflector antennas. For verification, doublebeam, four-beam and eight-beam reflector antennas is designed and simulated by CST studio. Especially, we fabricated the four-beam reflector antenna and carried out the experiments to demonstrate the feasibility. The fabricated antenna can work from 11 GHz to 13 GHz with four high gain pencil-shaped beams. At the central frequency, the realized gain of designed antenna is 19.9 dB. Importantly, this strategy provides a new idea of designing multi-beam antennas by integrating computer to control the coding sequence, which let the design of multi-beam antennas more flexible and has significance in communication applications. 
